Introduction
Arachidonic acid (AA) is a major component of cell membrane lipids and is mainly released by activation of phospholipase A2. A number of AA metabolites, acting through cyclo-oxygenase and lipoxygenase pathways (see review by Needleman et al., 1986 ) mediate a variety of cell signalling events under both physiological and pathological conditions. It has been reported that AA per se and/or its metabolites can modulate activites of several kinds of ionic currents including voltage-dependent Ca channels (Ordway et al., 1991) . Ca2+ influx through voltagedependent Ca channels plays a central role in cellular signal transduction in various types of cells. In smooth muscle cells, activation of Ca channels is essential for action potential generation, and triggers Ca2+ release from intracellular Ca2+ stores, to induce contractions. Modulation of Ca channel activity by transmitters, hormones and autacoids has therefore been studied extensively (see review by McDonald et al., 1994) .
The inhibition of Ca channel activity by AA and/or its metabolites has been described in various types of cells, including sympathetic neurones (Ikeda, 1992) , cultured ciliary ganglion cells (Khurana & Bennett, 1993) , hippocampal CAl neurones (Keyser & Alger, 1990) , intestinal smooth muscle cells (Shimada & Somlyo, 1992) and cultured vascular smooth muscle cells (Serebryakov et al., 1994) . In some of these cell types, externally applied AA or prostaglandins reduce Ca channel currents directly or via separate signal transduction pathways. In single smooth muscle cells from the portal vein (Loirand et al., 1990) , however, Ca channel currents were not Author for correspondence. affected by AA. On the other hand, AA increases the Ca current in rat pituitary GH3/B6 cells (Vacher et al., 1989; 1992) and ventricular myocytes of the guinea-pig (Huang et al., 1992) . Thus the effect of AA on Ca2" channels varies widely.
Regulation of Ca2"-activated K+ channels in smooth muscle cells by AA, its metabolites or other fatty acids has been extensively studied (Bregestovski et al., 1988; Kirber et al., 1992; Gebremedhin et al., 1992; Hu & Kim, 1993) . However, effects of AA on Ca2+ channel activity in smooth muscles has received less attention. The present study evaluated the possibility that AA and/or its metabolites are involved in regulation of Ca channel activity in smooth mucsle cells of vas deferens, since prostaglandins play significant physiological roles in this tissue including the regulation of excitatory transmitter release from sympathetic nerve endings (Ambache & Zar, 1970) and contraction induced by sympathomimetics (Clegg, 1966 ) (see review by Horton, 1969) .
Methods

Cell isolation
Single smooth muscle cells were enzymatically isolated from the vas deferens of the guinea-pig. The procedures of cell isolation were the same as described previously (Imaizumi et al., 1991) . A few drops ofcell suspension were placed in a recording chamber (0.5 ml) mounted on the stage of a phase contrast microscope (Nikon TMD). Cells were continuously perfused with a HEPES buffered solution (see solutions) at 5 ml min-1. Only relaxed cells which had lengths over 100 gM were used for electrical recording. (Robinson & Giles, 1986) as previously described (Imaizumi et al., 1990) . Pooled Figure   3a ). during the depolarization to be larger when the Ca2+ concentration in the pipette solution was higher, and was also larger than that of IBa when the pipette solution was the same (Figure 3b and c) . AA metabolites and AA-induced block of Ca channels
The possibility that AA affects Ca channels after being metabolized into prostaglandins, leukotrienes, etc. through cyclooxygenase and lipoxygenase pathways (AA cascade) was examined. The effects of indomethacin (Indo), a cyclo-oxygenase inhibitor, and NDGA, a lipoxygenase inhibitor, on the AAinduced inhibition of IBa were tested. When 10 pM Indo or 10 pM NDGA was added to the bathing solution, IBa at 0 mV was reduced by more than 30% (n = 3 for each). Direct block of Ca current by these agents has been suggested in other preparations (Burch et al., 1983; Korn & Horn, 1990 1 mM Indo or 1 mM NDGA internally by addition to the pipette solution. After more than 5 min from the start of a recording, AA was applied. In our apparatus, it took less than 5 min for an applied low molecular chemical to diffuse to a substantial extent from the pipette solution into the cytosol, since internal application of 1 mM EGTA from a KCl-rich pipette solution markedly reduced Ca-dependent K current within 3 min after rupturing the patch membrane to establish the whole cell clamp configuration (not shown). The relative amplitude of IBa after application of 10 AM AA in the presence of Indo or NDGA in a pipete solution averaged 46.9 ± 5.8% (n = 4) and 49.1 ± 2.5% (n = 7) of the control, respectively, and was not significantly different from that in their absence (44.5±2.4%; P>0.05 vs. Indo or NDGA). versible in the presence of 0.3 mM GTPyS in the pipette solution; the relative amplitude was 71.6 ±6.0% of the control (n = 4). Pooled data are illustrated in Figure 4d .
Effects of prostaglandins on Ca channel currents
Peroxides of AA in Ca channel block
Free radicals generated by AA oxidation may contribute to AA-induced decrease in IBa in vas deferens smooth muscle cells, as has been reported in hippocampal CAl neurones (Keyser & Alger, 1990) . To prevent generation of free radicals, 100 units ml-superoxide dismutase (SOD) was added to the bathing solution. Application of this concentration of SOD did not affect IBa itself, but significantly attenuated the decrease in
IBa by AA at all concentrations examined (1-30 gM, P< 0.05, The possibility that activation of protein kinase C (PKC) mediates the AA-induced decrease in IBa was examined by use of H-7, which inhibits PKC as well as cyclic AMP-or cyclic GMP-dependent protein kinases (PKA and PKG) (Hidaka et al., 1984 internally IBa was reduced by 10 uM AA to a similar extent to that observed in the absence of H-7 (control: 44.5 ± 2.4%, n=8; H-7: 38.6 +4.9%, n=5; P>0.05).
Discussion
Our results demonstrate that AA reduces voltage-dependent Ca channel current in smooth muscle cells isolated from the guinea-pig vas deferens. A similar inhibition of Ca current by AA has been observed in intestinal smooth muscle cells (Shimada & Somlyo, 1992) . In portal vein smooth muscle cells, however, it has been shown that an addition of 1 mM AA to the pipette solution does not change the Ca current (Loirand et al., 1990) . Since the L-type Ca channel current is predominant in vas deferens smooth muscle cells under the conditions used in the present study (Imaizumi et al., 1991) , this inhibitory effect of AA may be mainly on L-type channels. The fact that the effect of AA did not depend on the potentials used for Ca channel activation may also support this. However, the possibility can be ruled out completely that T-type channel block was also partly involved in AA-induced decrease in Ca channel current in the present study. When the charge carrier was either calcium or barium ions, comparable effects of AA on Ca channel current were observed. Moreover, the effect of AA was not changed when the Ca2+ concentration in the pipette solution was changed in the pCa range of 7.0 and 10.0 by use of Ca-EGTA buffer, 5 mM EGTA or 15 mM BAPTA. The AA-induced decrease in IBa was, therefore, not modulated by the intracellular calcium concentration, although it is known that AA and its metabolites change Ca2`release from storage sites (Force et al., 1990; Ling et al., 1992; Maruyama, 1993) . This suggests that the inactivation of Ca channels by intracellular Ca2`which is increased by Ca2+-influx and Ca2+-release from intracellular Ca storage sites is not involved in the mechanism of AA-induced decrease in Ca channel current. It may also suggest that the mechanism does not depend upon the activation of enzymes or proteins by an increase in intracellular Ca2`concentration.
In ciliary ganglion cells, leukotrienes synthesized from AA by lipoxygenase, are the second messengers responsible for AA-induced block of Ca channels (Khurana & Bennet, 1993) . K channels coupled to muscarinic receptors in cardiac myocytes (Kurachi et al., 1989; Kim et al., 1989; Scherer et al., 1993) and M channels in hippocampal neurones (Schweitzer et al., 1990) are activated by AA via leukotriene production. It has been reported that PGE2 can reduce Ca channel currents in rat sympathetic neuronal cells (Ikeda, 1992) . A decrease of IBa induced by PGE1 and PGE2 has also been observed in cultured smooth muscle cells of the rat thoracic aorta (Serebryakov et al., 1994) . In the present study, internal application of 1 mM Indo or NDGA from the pipette solution did not significantly affect the AA-induced decrease in IBa, implying that AA metabolites from the cyclo-oxygenase pathways may not be involved in this AA effect in vas deferens smooth muscle cells.
Application of PGF2, in the presence of GTP in the pipette solution slightly but significantly reduced IBa, whereas that of PGE2 did not. The effect of PGFu was not observed when the pipette solution did not include GTP or included both GTP and GDPfiS. The PGF2a-induced inhibition of IB. may be mediated by activation of GTP-binding protein and, therefore, by a different mechanism from that for AA. It is worthy of note that the inhibition of IBa by 30 uM PGF2 (about 30% decrease) was far smaller than that of 30 pM AA (about 75% decrease).
In CAl neurones, the effect of AA on the Ca channel is mediated by activation of PKC and also be oxidation of the membrane surface by peroxide radicals derived from AA (Keyser & Alger, 1990) . Since the decrease in IBa by AA was not changed by the internal application of 100 uM H-7, it is unlikely that the activation of PKC is one of major signal transductions. Moreover, activation of PKA or PKG is unlikely to be involved in the mechanism based upon the nonspecific inhibition of these kinases by H7 (Hidaka et al., 1984) .
Application of 100 units ml-' SOD slightly but significantly attenuated the decrease in IBa by 1-30 uM AA. These findings suggest that generation of superoxides is one of the mechanisms for the inhibition of Ca channels by AA in vas deferens smooth muscle cells.
It has been suggested that AA directly inhibits Ca channels in intestinal smooth muscle cells (Shimada & Somlyo, 1992) . This type of direct action has also been suggested for the mechanism of the AA-induced increase in large conductance Ca-dependent K channel (BK channel) activity in pulmonary smooth muscle cells (Kirber et al., 1992) . Since internal application of 0.3 mM GTPyS or 1 mM GDPfiS did not affect significantly the AA-induced decrease in IBa (Figure 6 ), activation of a GTP binding protein is unlikely to be involved in this AA effect, unlike the AA-induced regulation of the cardiac K+ channel (Kim et al., 1989; Scherer & Breitwieser, 1990) . One mechanism by which AA acts directly on Ca channel proteins or phospholipids, is by being incorporated into the membrane bilayer. In this case, the reversibility of IBa reduction by AA after washout should be minimal. It has been reported in intestinal smooth muscle cells that cis-unsaturated fatty acids, such as palmitoleic acid (16:1), oleic acid (18:1) and linoleic acid (18:2), decrease IBa in a very similar manner to AA whereas myristic acid (14:0) and lauric acid (12:0) increase IBa and lenolelaidic acid (18:2, trans), myristoleic acid (14:1, cis) and palmitic acid (16:0) do not affect Ift (Shimada & Somlyo, 1992) . This pattern of results suggests that the effect of AA is not due to simple physicochemical changes such as an increase in membrane lipid fluidity. Specific experiments of this type were not performed in the present study.
In our previous study (Imaizumi et al., 1991) , it was reported that a-adrenoceptor stimulation by noradrenaline (NA) reduces the Ca channel current in vas deferens smooth muscle cells via two mechanisms; (1) Ca-dependent inactivation of Ca channels by Ca release from intracellular Ca2" store following production of inositol trisphosphate and (2) Ca-independent and GTP binding protein-mediated inhibition of Ca channel activity. For some types of receptor, stimulation by transmitters, hormones or autacoids is transduced to at least two intracellular signals by activating both phospholipase A2 and C (Brinbaumer et al., 1990) . In some smooth muscles, a-adrenoceptor stimulation results in activation of both phospholipases and thereby increases inositol turnover and AA release (Exton, 1988) . Moreover, it has been reported that production of PGE-and PGF-like materials is decreased and increased, respectively, by a-adrenoceptor stimulation in vas deferens (Borda et al., 1983) . Based upon the results in the present study, it is possible that a release of AA or PGFu, is involved in the NA-induced decrease in Ca channel current in vas deferens smooth muscle cells. If this mechanism can be proven, it would give a new insight into the functional significance of AA and prostaglandins as second messengers in neurotransmitter-induced regulation of Ca channels activity in smooth muscle cells. Further studies using a specific PLA2 inhibitor are planned.
In conclusion, L-type Ca channel activity is reversibly reduced by external application of 1-30 yM AA in smooth muscle cells of the guinea-pig vas deferens. This decrease may not be mediated by activation of GTP binding proteins or PKC or by biosynthesis of lipoxygenase or cyclo-oxygenase products. However, in addition to the direct action of AA, a contribution of superoxide radicals derived from high concentrations of AA (> 10 pM) must still be considered.
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